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Abstract—In this paper, we propose a novel method of 
multiband carrier-less amplitude and phase (m-CAP) modulation 
for optical wireless communication (OWC) systems. In 
conventional m-CAP systems, the total signal bandwidth is 
divided into m equally distributed subcarriers. In this work, for 
the first time, we set the subcarrier bandwidths such that the first 
subcarrier is the same as the LED bandwidth, and subsequently 
distribute the remaining bandwidth equally between m-1 
subcarriers. We show that using m = 4, 6, 8 and 10 subcarriers 
and 16-QAM, the first subcarrier is able to achieve a bit error 
rate (BER) target of 10-4 with (i.e., which is below the 7% 
forward error correction (FEC) BER limits of 3.8×10-3) at Eb/N0 
= 15.5 dB. This is a power penalty of ~1.5 dB to achieve the same 
average performance as the first five, four and three subcarriers 
of the conventional 10, 8 and 6-CAP and a power penalty of ~1 
dB for new 4-CAP to achieve the average performance of the first 
two subcarriers of the conventional 4-CAP. Consequently, using 
the proposed m-CAP concept we show a reduction in the 
complexity by reducing the number of finite impulse response 
(FIR) filters by 80%, 75%, ~67% and 50% in contrast to the 
conventional 10, 8, 6, and 4 CAP, respectively. 
Keywords— Multi-band carrier-less amplitude and phase 
modulation; band limited VLC system  
I.  INTRODUCTION  
Visible light communications (VLC) is an emerging 
technology that is increasingly adopted in a multitude of 
applications including smart cities, offices and homes, 
transportation, etc. [1, 2]. In contrast to traditional radio 
frequency (RF) based wireless communications, VLC has 
significant advantages including a very high unregulated 
~400 THz bandwidth, high power efficiency, inherent data 
security, no interference and low-cost [3]. The Internet-of-
Things (IoT) paradigm has led to enormous demand for high 
speed data transmissions. Cisco projections show that the 
overall mobile data traffic will increase by almost six times 
between 2015-2019, exceeding 24 EB/month with a 
compound annual growth rate of 55% [4]. The existing RF 
technology is finding challenging to deal with such data traffic 
growth, thus resulting in a spectral congestion. The VLC 
technology has the potential for contributing to unlocking the 
spectrum congestion thus allowing the RF bandwidth been 
used more efficiently and effectively. The VLC technology 
offers multiple functionalities including illumination, data 
communication, indoor localization and sensing, and it will be 
part of future 5G wireless communications to offer cellular 
systems [5, 6]. 
However, the main bottleneck in achieving high data rate 
transmission using VLC is the limited modulation bandwidth 
Bmod of Ce:YAG phosphor based light-emitting diodes (LEDs), 
which is in the region of a few MHz due to the slow transient 
response of the phosphor. Thus, in the recent years, an 
enormous number of studies have been carried out to 
overcome this limitation. One of the most popular techniques 
is to employ advanced modulation formats such as orthogonal 
frequency division multiplexing (OFDM) due to its ability to 
support a high number of bits/symbol, resistance to multi-path 
induced inter-symbol interference (ISI) and its compatibility 
with adaptive power- and bit-loading algorithms. Thus, 
applying OFDM contributes towards high transmission speed 
in the range of several Gb/s, but at the moment over a very 
short transmission span of a few centimetres [7-9]. However, 
employing OFDM in VLC has its own inherent issues as the 
high peak to average power ratio and a limited dynamic range 
of LEDs, which can result in clipping and subsequently signal 
distortion [10]. 
Aside from OFDM, alternative solutions have been 
reported in recent years to overcome the limited Bmod. 
Solutions include using a dichroic optical band pass filter 
(BPF) at the blue wavelength in order to remove the slow 
phosphor response [11], and/or implementing different 
equalization techniques at the transmitter (Tx) and receiver 
(Rx) [12, 13]. The problem with using equalization techniques 
such as the one based on the artificial neural network reported 
in [13] is that they are highly computationally complex. 
Another alternative to OFDM is the carrier-less amplitude and 
phase (CAP) modulation scheme, which has been reported to 
outperform OFDM when operating over the same physical 
link [14]. Transmission speeds of 1.32 Gb/s and 1.08 Gb/s at a 
BER of 10-3 were achieved with CAP and OFDM, 
respectively, indicating an improvement of ~20 %. CAP is 
similar to quadrature amplitude modulation (QAM), where the 
data is transmitted in the form of two orthogonal waveforms 
in-phase and quadrature components. However, CAP does not 
use a local oscillator, instead uses pulse shaping filters to 
generate the two signals and realize the time-domain 
orthogonality by designing the filters as a Hilbert pair. 
However, employing CAP in VLC requires a high gain and 
flat frequency response, which rarely exists in VLC due to the 
aforementioned band-limitations, which cause the first order 
low pass filter (LPF) behaviour with 20 dB/decade attenuation 
outside the -3 dB shoulder. 
Recently, in [15], for the first time in VLC, the concept of 
multi-band CAP (m-CAP) modulation format was 
experimentally demonstrated. The signal bandwidth was split 
into m subcarriers (SCs) in order to relax the requirement of 
the flat frequency response. The report in [15] proposed that 
the signal attenuation per equally spaced SCs is less than that 
of a single SC over the entire allocated signal bandwidth. In 
the tested system, the conventional CAP signal was divided 
equally into m = {2, 4, 6, 8, 10} SCs over a fixed total signal 
bandwidth B of 6.5 MHz. Dividing into m-SCs led directly to 
an increase in the signal to noise ratio (SNR) per SC for 
increasing m, thus, allowing bit-loading. The SNR was 
estimated via the error vector magnitude (EVM) of a binary 
phase shift keying (BPSK) pilot for each SC, before updating 
each subcarrier with the appropriate number of bits/symbol. It 
was shown that by increasing the number of SCs, higher 
transmission speeds (spectral efficiency) of 31.53 Mb/s (4.85 
b/s/Hz) could be achieved for m = 10. However, increasing the 
number of SCs leads to the growth of the required number of 
pulse shaping FIR filters both at the Tx and Rx and hence, a 
substantial rise in the overall system computational 
complexity. 
In this work, motivated by the relationship between the 
improved performance and increased complexity, we 
introduce a new concept of m-CAP where instead of dividing 
the subcarriers equally, we set the first subcarrier bandwidth to 
be equal to the LED Bmod, and divide the remaining subcarriers 
equally over the remaining signal bandwidth. We normalise 
the signal bandwidth B = 1 Hz/Hz in order to maintain 
generality, and Bmod to 0.5 B in order to simulate a band-
limitation. By implementing this concept, we show that using 
m = 10, 8, 6 and 4, the computational complexity is reduced 
by 80%, 75%, ~67% and 50% when compared with the 
conventional 10, 8, 6 and 4-CAP with a maximum power 
penalty of ~1.5 dB. 
The rest of this paper is organized as follows: in Section II 
the system model is described, results are shown in Section III 
and finally conclusions are given in Section IV 
 
II. SYSTEM MODEL 
Fig. 1 illustrates the new concept for m = 4, 6, 8 and 10. 
The first SC is always set to Bmod (0.5 Hz/Hz) to guarantee 
relaxing the flat frequency response requirement for the 1stSC. 
The rest of B is divided equally into m-1 equal parts as given 
by: 𝐵" = $% ,																						𝑖 = 1$*+,-*. ,														𝑖 = 2:𝑚.	
 
(1) 
For instance, for m = 4; SC1 = Bmod = 0.5 Hz/Hz, while SC2,  
SC3, and SC4 are set to 0.166 Hz/Hz. Fig. 2 illustrates the 
schematic block-diagram of the proposed system. Firstly, for 
each SC a 217-1 length pseudorandom binary sequence was 
generated before mapping into M-QAM constellations, where 
M = 2k is the order of QAM modulation. Here, k is a positive 
integer number representing the number of bits/symbol. The 
mapped data is up-sampled according to the number of 
samples of nsamp, given in [16]. The up-sampled data is then 
split into real I and imaginary Q components. 
The pre-transmission signals of the transmit I and Q square 
root raised cosine (SRRC) filters are given as: 
 
 
Fig. 1. The new concept of m-CAP in terms of frequency response 
for m = 4, 6, 8 and 10. It should be noted that Bmod indicates the 
modulation bandwidth which set to 0.5 Hz/Hz. 𝑆4,5 𝑡 = 𝑑4 𝑡 	⨂	𝑓4,:;,"(𝑡),	 (2) 	𝑆>,5 𝑡 = 𝑑> 𝑡 	⨂	𝑓>,:;,"(𝑡),	 (3) 
 
where 𝑑4 𝑡  and 𝑑> 𝑡  are the I and the Q baseband data, 
respectively and	⨂ denotes convolution. Also, 𝑓4,:;,"(𝑡) and 𝑓>,:;,"(𝑡) denote the impulse response (IR) of the I and Q 
SRRC filters of each ith SC, respectively, defined as: 𝑓4,:;," 𝑡 = cos 2𝜋𝑓C,"𝑡 . sin FG:H (1 − 𝛽) + 4𝛽 G:H cos FG:H (1 + 𝛽)FG:H 1 − 4𝛽 G:H % , 
 
 
(4) 
 
 𝑓>,:;," 𝑡 = sin 2𝜋𝑓C,"𝑡 . sin FG:H (1 − 𝛽) + 4𝛽 G:H cos FG:H (1 + 𝛽)FG:H 1 − 4𝛽 G:H % , 
 
 
(5) 
where	𝑇N, 𝛽, and 𝑖 denote the sampling time, SRRC filter roll-
off factor and the number of SCs, respectively. In this work β 
is set to 0.15 for consistency with the literature [16]. 
Here,	𝑓C,"is the frequency of the ith SC given as:  𝑓C," = $OPQ% 																																					𝑖 = 1$*$OPQ% -*. 2𝑖 − 3 + $OPQ% 										𝑖 = 2 ∶ 𝑚.	  (6)  
 
The final waveform of transmission is found by subtracting 
the pre-transmission signals as follows: 𝑆 𝑡 = 	𝑆4,5 𝑡 − 𝑆>,5 𝑡 .	 (7) 
    The signal is then used to intensity modulate the LED, 
which is modelled as an ideal analogue LPF with a Bmod  = 0.5 
Hz/Hz as mentioned. In the channel, an additive white 
Gaussian noise (AWGN) is added to the transmitting signal 
and the signal is then detected by a photodiode at the receiver 
side. The detected signal is passed to the time-reversed in-
phase 𝑓4,T;," −𝑡  and quadrature 𝑓>,T;," −𝑡  SRRC filters 
following down-sampling. Finally, the constellation is de-
mapped. In order to determine the BER, a symbol-by-symbol 
calculation is performed. 
 
In this paper, the BER target is set at 10-4 to allow enough 
headroom for the 7% FEC BER limit of 3.8×10-3. 
III. RESULTS 
Here, the results of the new m-CAP system are presented. 
Also presented are the BER performance of the new and 
conventional m-CAP for m = 4, 6, 8 and 10 as a function of 
Eb/N0 when the modulation format is 16-QAM without any 
loss of generality. It should be noted that for the conventional 
m-CAP the SCs are divided equally across the signal 
bandwidth B and for the proposed m-CAP the 1st SC has been 
set to Bmod as discussed in the previous section, while the 
remaining subcarriers are evenly spaced between out-of-band 
signal bandwidth. 
The performance comparison of the new m-CAP with the 
conventional m-CAP is discussed as follows. 
A. 10-CAP 
Fig. 3 (a) illustrates the performance of the new 10-CAP 
with the average (dot-red) performance of the first five SCs of 
the conventional m-CAP. The 1st SC has achieved the BER 
target of 10-4 at Eb/N0 of ~15.5 dB. This BER performance is 
the same as the average BER performance of the first five SCs 
of the conventional m-CAP, which occupy Bmod with a power 
penalty of ~1.5 dB. Note that the first five SCs of the 
conventional m-CAP achieved the average BER target at Eb/N0 
~14 dB. This is remarkable as it indicates that by using one SC 
in the proposed 10-CAP we could achieve a similar 
performance of the average of the first five SCs. It should be 
noted that for each increment of m-order two more pulse 
shaping FIR filters are needed (one for real data and one for 
imaginary data) at the Tx and following the same pattern 
another two FIR filters at the Rx are required as well. 
Furthermore, for m = 10, 20 FIR filters are needed each at the 
Tx and Rx. Thus, sacrificing a power penalty of ~1.5 dB using 
the new 10-CAP the system computational complexity can be 
reduced by up to 80% using less number of FIR filters, which 
is considered as the major factor of criticism in the traditional 
m-CAP system. It should be noted that S indicates the 
individual SCs within a given m, where m refers to the total 
number of SCs in the given link. The out of Bmod SCs in the 
new 10-CAP achieved the designated BER target starting form 
Eb/N0 ~16 dB for the 2nd SC and it is clear that by increasing 
the number of SCs they experienced high frequency 
attenuation being outside Bmod. However, in contrast with the 
conventional 10-CAP they achieved slightly improved 
performance due to the fact that the bandwidth per SC Bsc of 
outside Bmod in the proposed 10-CAP is Bsc = 0.5/9 = 
0.055Hz/Hz, which is less than Bsc= 0.1Hz/Hz in the 
 
Fig. 2. The schematic block diagram of the proposed m-CAP system. 
conventional 10-CAP. As a result they offer closer 
approximation to the flat band response. The 10th SC 
converged to the BER target at Eb/N0 ~20 dB with ~8 dB and 
~4.5 dB power penalties from the predicted curve and the 1st 
SC, respectively. This is reflected on the constellation diagram 
inset in Fig. 3 (a) for a SNR of 20 dB of the 10th SC. 
B. 8-CAP 
For the new 8-CAP system (Fig. 3 (b)), the 1st SC 
performance was the same as the new 10-CAP where it 
achieved the designated BER at Eb/N0 of ~15.5 dB as expected 
as it is always set to the Bmod. In contrast to the average 
performance of the first four SCs of the conventional 8-CAP 
(Bsc = 0.125 Hz/Hz), the 1st SC showed a similar performance 
as of the new 10-CAP. The performance of the average of the 
first four SCs outperformed the 1st SC performance by ~1.5 
dB where it achieved the BER target at Eb/N0 of ~14 dB. This 
is reasonable as it indicates that the average of the SCs within 
Bmod achieve the same SNR requirement. Implementing the 
new 8-CAP system the 1st SC showed a reduction of ~75% in 
the computational complexity compared to the 1st four SCs in 
the conventional 8-CAP when sacrificing ~1.5 dB of power. 
The out of Bmod SCs as expected experienced a high frequency 
attenuation imposed by the behaviour of LED, which acts as a 
1st order LPF as the inset constellation diagram in Fig. 3(b) 
show for the 8th SC of the new 8-CAP link. 
C. 6-CAP 
Fig. 3 (c) illustrates the performance of new 6-CAP, the 
1st SC show a power penalty of ~1.5 dB compared with the 1st 
three SCs (Bsc= 0.166 Hz/Hz). Thus, showing the same 
performance as the new 10 and 8 CAP, but with reduced 
computational complexity of the system by ~67%. Once again 
the out of Bmod SCs experienced different high frequency 
attenuation as the inset constellation diagram in Fig. 3 (c) at 
SNR = 20 dB. 
D. 4-CAP 
The 1st SC of the new 4-CAP shows a lower power 
penalty of ~1 dB compared with the average performance of 
the first two SCs (Bsc= 0.25 Hz/Hz). This is because of larger 
Bsc compared with Bsc of the conventional 6, 8 and 10-CAP. 
However, the computational complexity of such a system is 
increased by only ~ 50%. The inset constellation diagram in 
Fig. 3	 (d) confirms the attenuation experienced by the 4th SC 
due to the out of Bmod attenuation. 
 
 
Fig. 3 (a) 16-QAM theory (solid-black), average BER performance (dot-red) of the first five SCs of the conventional 10-CAP, BER 
performance of the 1st SC ( solid-green) and the new 10-CAP out of Bmod subcarriers S2-S10 (dash) as a function of Eb/N0. It should 
be noted that S indicates the individual number of SCs. (b) 16-QAM theory (solid-black), first four SCs average (dot-red) of the 
conventional 8-CAP, 1st SC (solid-green) and 10-CAP BER performance of the out of Bmod S2-S8 (dash) as a function of Eb/N0; there 
is an attenuation due to the 1st order LPF LED behaviour as clearly the inspect constellation diagram show. (c) 16-QAM theory 
(solid-black), average of firs three SCs (dot-red) of the traditional 6-CAP, 1st SC (solid-green) and out of Bmod new 6-CAP BER 
performance as a function of Eb/N0. (d) 16-QAM theory (solid-black), first two SCs (dot-red) average BER performance of the 
conventional 4-CAP, 1st SC (solid-green) and the out of Bmod  S2-S4 (dash) BER performance as a function of Eb/N0. The high 
frequency attenuation can be clearly seen from the inspect constellation diagram when SNR = 20 dB for the last SC S4. 
 
IV. CONCLUSIONS 
In this paper, we have shown that using the new concept 
of m-CAP (i.e., 1st SC = Bmod, the rest of B is divided 
equally into m-1 parts) at the designated BER of 10-4 the 
performance of the 1st SC of a high order m = 10, 8, and 6 
achieved a Eb/N0 = 15.5 dB at a power penalty of ~1.5 dB 
compared with the average performance of the first five, 
four and three SCs in the conventional 10, 8, and 6-CAP. 
For the new 4-CAP the performance of the 1st SC showed a 
power penalty of ~1 dB when compared with the average 
performance of the first two SCs of the conventional 4-
CAP. Moreover, we showed a reduction in the 
computational complexity in the proposed 10, 8, 6 and 4-
CAP by 80%, 75%, ~67% and 50% compared to the 
conventional 10, 8, 6 and 4 CAP. 
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